This notes examines the mode of cell death of HL-60 cells exposed to 70 kHz and 1.3 W/cm 2 ultrasound in the presence of 1% Pluronic P105 and 1.67 µg/ml doxorubicin (Dox).
Introduction
Our research group is investigating the use of Pluronic P105 micelles to deliver anthracycline agents or other drugs to cancerous tissues. Our previous publication has shown that no DNA damage was observed when cells were treated with 10 wt% P105 with and without exposure to ultrasound at a frequency and power density of 70 kHz and 1.3 W/cm 2 , respectively, for up to three hours (1). In another set of experiments, DNA damage increased with incubation time when cell suspensions were incubated in the presence of 10 µg/ml free Dox. When cells were exposed to 10 µg/ml Dox in the presence of 10% P105 no significant DNA damage was observed for up to nine hours of incubation. However, extensive DNA damage was observed within one hour of exposure to ultrasound in the presence of Pluronic-encapsulated Dox. The damage increased as the insonation time increased up to two hours (1).
We have also used a custom ultrasonic exposure chamber with real-time fluorescence detection to measure the release of Dox and Ruboxyl (Rb, a paramagnetic analog of Dox) from Pluronic P105 micelles using low frequency ultrasound (2). The amount of drug release increased as the ultrasonic power density increased and the frequency decreased. The observations reported by our group earlier suggest that Dox can be loaded in Pluronic P105 micelles and released when exposed to ultrasound. Based on these findings, a targeted drug delivery system aimed at reducing chemotherapy side effects by exposing cancerous tissues to ultrasonic power can be envisioned (3).
The single cell electrophoresis assay (comet assay) has been used extensively to detect DNA damage induced by hyperthermia and radiation (4-9). It has been also used to measure DNA repair, supercoiling, and replication (10, 11). The principle behind this assay is that the negatively-charged broken DNA molecules are free to migrate in an electric field towards the anode, with the shorter fragments moving faster. The pattern of migration produces a profile resembling the shape of a comet. Two main principles determine comet formation patterns: the size of DNA fragments and the number of fragments. In this paper, the comet assay was used to examine the mode of cell death for the ultrasonic delivery of Dox to HL-60 cells from P105 micelles.
Materials and Methods
Cells HL-60 cells were cultured in RPMI medium supplemented with 10% fetal calf serum, 6 mM L-glutamine, and 7.5% sodium bicarbonate. The culture was maintained in 75 ml plastic tissue flasks at 37 °C in humidified 5% CO 2 and was passaged every three to four days. For each experiment, 160 ml of cells were cultured for three days until they reached a density of about 10 6 cells/ml. The cells were concentrated by centrifugation (to a final concentration of 1×10 7 cells/ml) and were then resuspended in 10 ml of supplemented RPMI medium before treatment.
Drugs
Doxorubicin in HCl (Sigma, St Louis, MO) was dissolved in phosphate buffered saline (PBS) and sterilized by filtration through a 0.2 µm filter.
Drug Incorporation Inside Pluronic Micelles
Pluronic P105 was obtained from BASF (New Jersey). To prepare a stock solution, P105 was dissolved in a phosphate buffered saline (PBS) solution to a final concentration of 20 wt% (20 grams P105 in 80 ml of PBS). The solution was then sterilized by filtration through a 0.2 µm filter. Dox was introduced into Pluronic P105 micellar solutions by mixing stock solutions at room temperature. A previous study has shown that Dox will accumulate in the hydrophobic core when mixed with Pluronic P105 (12). Final Dox concentration was 1.67 µg/ml.
Ultrasonication
Ultrasonic power was generated by a Sonicor SC-100 ultrasonicating bath (Sonicor Instr., Copaique, N. Y.) operating at 70 kHz. The insonation intensity was controlled by adjusting the input voltage using a variable A.C. transformer (vari-ac) (13). The insonation intensity as a function of applied voltage was determined using a calibrated hydrophone (Bruel and Kjaer model 8103, Decatur, GA). For subsequent experiments, the variac voltage was adjusted to produce an intensity of 1.3 W/cm 2 . Since we were not studying the effect of hyperthermia induced by insonation, the temperature of the bath was maintained at 37 °C using a recirculating thermostatic bath. In this report, HL-60 cells were insonated (70 kHz, 1.3 W/cm 2 ) in the presence of 1.67 µg/ml of Dox and 1% Pluronic P105 in PBS solution.
Ultrasonic intensities used in our experiments were in agreement with the optimum power densities suggested by . Our experiments were conducted within the window of opportunity (what they referred to as the window of power densities). In their article (27), the group provided a range of power densities where Dox can be released from the core of unstabilized Pluronic P105 micelles without causing permanent cell damage as evidenced by cell lysis. At 70 kHz, the therapeutic range was reported to be between 1.2 W/cm 2 and 2.3 W/cm 2 . Our experiments were conducted at a power density of 1.3 W/cm 2 , well within the suggested range.
Comet Assay
The comet assay, performed as described by Fairbairn et al. (4) , was used to determine the mode of cell death of ultrasonically delivered Dox to HL-60 cells from Pluronic P105 micelles (7) . A summary of the comet assay is given below.
Two hundred microliters of 10 6 cells/ml suspension were mixed with 600 µl of 1% low melting point agarose at 37 °C (0.75% final concentration) and immediately layered on custom frosted slides which feature a clear centered window (17). The slides were placed on a chilled plate to solidify the agarose. The slides were then bathed in freshly prepared lysing solution (2.5 M NaCl, 10 mM Tris-base, 0.1% sodium sarcosinate, pH = 12.3) in the dark for one hour at room temperature. After lysing, the slides were placed in alkaline electrophoresis buffer (0.3 N NaOH, 1 mM EDTA, pH = 12.3) for 30 minutes, allowing for salt equilibration and further DNA unwinding. Electrophoresis was performed at 20 V and 400 mA for 10 minutes. The slides were then immersed in a bath of distilled water (at room temperature) for five minutes in order to anneal the DNA. Then they were stained with propidium iodide (2.5 mg/ml) for 20 minutes and covered with a glass cover slip before analysis.
The image of the electrophoresed DNA appears like a comet, with undamaged DNA in the head, and fragmented DNA migrating to form a tail. Comet images were captured on an Axioscope fluorescent microscope equipped with a standard Photonics Camera.
Results and Discussion
Figures 1, 2, 3, and 4 are comet figures obtained as a result of exposing HL-60 cells to ultrasound (70 kHz and 1.3 W/cm 2 ) in the presence of 1% P105 and 1.67 µg/ml of Dox. Figure 1 is the control (DNA of untreated cells); no DNA breaks are apparent and the profile representing the nuclear DNA is round. Figure 2 is the DNA of a cell that has been ultrasonicated in the presence of encapsulated Dox for 30 minutes. The DNA damage is not substantial but a few broken fragments that migrated in the electric field are observed. More damaged is observed in Figure 3 where HL-60 cells were acoustically treated for one hour in the presence of encapsulated Dox. Figure 4 shows the nuclear DNA of a cell that has been ultrasonicated for two hours in the presence of encapsulated Dox. The DNA is completely fragmented and the profile of nuclear DNA is barely recognizable as evidenced by the low florescence observed in the comet head region.
There are two distinct pathways for the cell death process: apoptosis and necrosis. Apoptosis is a mechanism by which organisms maintain a balance between cell proliferation and cell death. It is defined as the programmed death of aging cells following a gene-directed mechanism characterized by "the biochemical activity of endogenous endonucleases acting at internucleosomal sites, producing a DNA ladder upon electrophoresis" (7).
The other form of cell death is necrosis, which is caused by subjecting cells to severe environmental stress. Necrotic cells usually swell until their cell membranes rupture (6, 7). DNA profiles shown in Figures 2, 3 , and 4 provide strong evidence that the DNA damage is caused by apoptosis (5, 7). Figure 4 shows that the majority of the DNA content migrated towards the tail. In necrosis, the majority of the damage remains in the comet head, although smaller DNA fragments can migrate the same distance as that encountered in apoptosis. DNA profiles shown in Figures 2, 3 , and 4 provide strong evidence that the DNA damage is caused by apoptosis (5, 7).
In this article, our conclusions are based on the shape of the comet in addition to the amount of DNA fragmentation. Our previous publication focused on the amount of DNA damage induced as a result of exposing HL-60 cells to a combination of ultrasound, doxorubicin and pluronic micelles (1). Here, we focus on the shape of the comet to deduce the mode of cell death. Several articles have been published showing that tail moments and comet shapes can be used to differentiate between an apoptotic population and a necrotic one (5,7). Dox is also known to induce apoptosis in cancer cells and therefore plays an important role in the mechanism of cell death (18, 19) . The anti-neoplastic agent is among the most common chemotherapy drugs that belong to the anthracycline family (20) . Anthracycline drugs are topoisomerase I and II inhibitors that intercalate between paired bases of the DNA, affecting many of the cell functions including DNA replication and RNA transcription (21). We have reported earlier that incubation and ultrasonication with free Dox causes substantial DNA damage to HL-60 cells (1). With respect to the mechanism of the enhanced cell killing by ultrasound, we have reported that ultrasonic power releases Dox from P105 micelles (2, 22, 23) . This release causes an increase in the amount of Dox that penetrates the cells. We have already reported a decrease in cell viability (trypan blue exclusion) and an increase in DNA damage (comet assay) when incubated and insonated cells were assayed after exposure to 10 µg/ml of free and P105 encapsulated Dox (1). The rate of DNA damage was higher for the insonated than for incubated cells. Several reports in literature have shown that ultrasound forms holes or pores in cells by at least two mechanisms: microconvection currents and shock waves. Microconvection currents are created as a result of gas bubbles oscillating in liquid media. This phenomenon is called cavitation. The gas bubbles originate as dissolved nucleates on impurities in the liquid (24). As a result of the low-and high-pressure phases of ultrasound, the bubbles oscillate by growing and shrinking in size. At greater ultrasonic power densities, these bubbles collapse completely during the shrinking cycle; this phenomenon is known as transient cavitation. As these bubbles implode the local temperature increases by thousands of degrees (due to adiabatic compression), resulting in the formation of free radicals and the generation of a shock wave (25, 26) . Shock waves are created as a result of bubbles collapsing near the cell membrane. The collapse causes a high velocity 'microjet' of liquid to be directed towards the cell surface (27).
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Thus, microconvention currents and shock waves are the primary mechanisms involved in the formation of membrane pores as a result of the application of ultrasound, a phenomenon known as sonoporation. These pores are caused by disturbances in the phospholipid bilayer of the cell membrane. By causing temporary pores to form in the cell membrane, the rate of encapsulated and free Dox diffusion into the cell is enhanced, which leads to more drug available to interact with the nuclear contents, causing more DNA breaks. Saito et al. reported that exposure to ultrasound induces an increase in plasma membrane permeability of corneal endothelium cells (28). This increase in permeability is reversible as the cells regained their membrane integrity after several minutes. In another study by Tachibana (29) , HL-60 cells exposed to ultrasonic waves (255 kHz and 0.4 W/cm 2 ) for 30 seconds in the presence of a photosensitive drug (15 µg/ml of merocyanine 540) showed "multiple surface pores" and "dimple like craters" when examined using a scanning electron microscope. In some cells, the cytoplasm seemed to have extruded through pores formed in the cell membrane as a result of sonoporation (29). When exposed to ultrasound alone, the cells showed minor disruptions in the cell membrane. Neither ultrasound nor merocyanine alone showed any cytotoxic effect on cell viabilities (95% and 96%, respectively). The cell viability decreased to 47% when exposed to both ultrasonic irradiation and merocyanine.
These studies suggest that the higher rate of DNA damage in HL-60 cells observed in sonicating free and encapsulated Dox is due to a rapid sonoporation process during ultrasonic exposure in the presence of the chemotherapeutic agent.
In summary, the figures presented above suggest that the mode of cell death in ultrasonically triggered micellar drug delivery is apoptosis, rather than necrosis.
